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Abstract
Experiment E835 at the Fermilab Antiproton Accumulator studies the
charmonium states directly formed in  pp annihilations. In this paper we
report the preliminary measurements of the mass and total with of the
c and 0 states. Results on the two photons partial widths  (c),
 (2) and a measurement of the strong coupling constant s at the
quark charm mass are also reported.
1 Introduction
The charmonium family of  cc states is a rich source of experimental data for
the study of both the spin dependence of the QCD interactions and the decay
of  qq bound states. Since its discovery in 1974, a large amount of data has
been collected, mostly in e+e  annihilation experiments. With this technique,
since the annihilation proceeds through an exchange of an intermediate virtual
photon, only states with JPC=1   are formed directly, while other resonances
are produced by radiative decay of higher mass states, then measured with the
resolution of the detector, which limits the precision of the measurement.
A technique exploiting  pp annihilations was pioneered by experiment R704[1]
at the CERN Intersecting Storage Ring and then systematically used by E760[2]
in the Fermilab Antiproton Accumulator. In  pp annihilations the charmonium
states are formed directly through two or three gluon intermediate states. The
success of this technique relies on knowledge of the initial energy. A precise
measurement of the mass and width of charmonium states is allowed by the
precisely dened momentum and the narrow momentum spread of the antipro-
ton beam.
1Fermi National Accelerator Laboratory, INFN and University of Ferrara, INFN and
University of Genova, University of California at Irvine, Minnesota University, Northwestern
University, INFN and University of TorinoThe total  pp cross section is several order of magnitude bigger than the
one for  pp !  cc. This hadronic background can be reduced signicantly if
charmonium decays into electromagnetic nal states are selected.
2 The E835 experiment
The cooled antiproton beam circulating in the Fermilab Antiproton Accumu-
lator intersects a variable density internal jet target [3], which provide a cluster
density up to 51014 atoms cm 3. The typical instantaneous luminosity during
the data taking was in the range (2:0  3:0)  1031 cm 2sec 1.
The E835 detector has been designed to optimize the detection and the
energy determination for electrons and photons, in order to select electromag-
netic nal states. The detector, shown in Fig. 1, is a non magnetic cylindrical
spectrometer, with full azimuthal () coverage and a polar () coverage from
2 to 70.
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Fig. 1: The E835 detector layout.
It consists of hodoscopes and veto counters, the tracking system, a thresh-
old  Cerenkov counter, the electromagnetic calorimeters and the luminosity
monitor.
The hodoscopes, named H1 (8 modules), H2 (32 modules), and H2' ( 24
modules), provide rst level trigger for charged events. Their dE/dx measure-
ments are used to separate electrons from photon conversions in the beam pipe
and in the inner detectors.The  Cerenkov counter [4] provides rst level trigger for electron events
(combined with hodoscopes) and it is the main detector for oine electron
identication.
The inner tracking system, fully contained within a radius of 16 cm from
the beam axis, is composed of four detectors sharing a common light mechan-
ical structure: two Straw Tube Drift Chambers [5] for  measurement (Str 1
and Str 2), and two Scintillating Fiber Detector with VLPC readout [6] for
 measurement (SciF 1 and SciF 2). The whole tracking system has a polar
coverage from 15 to 65; it provides a  resolution of 9 mrad and a  resolution
varying from 1.5 mrad at small  to 5 mrad at large angle.
The forward veto counter reduces the trigger rate by rejecting events with
tracks outside the detector acceptance.
The Central Calorimeter [7] consists of 1280 lead glass detectors arranged
in 20 rings and 64 wedges. It covers the whole azimuthal angle and the polar
angles from 10:6 to 70.0. It measures the energy and the angles of electrons
and photons with the following resolutions:
E
E
=
6%
q
E(GeV )
+ 1:4% ;  = 6mrad ; ' = 11mrad
In addition, CCAL signals are used in the rst level trigger logic to identify
high invariant mass events.
A forward lead glass calorimeter extends up to 2 the angular coverage in
the forward region.
The integrated luminosity for each energy setting was obtained by counting
the number of recoil protons from  pp elastic scattering in a silicon detector
located at  = 86:5 from the beam direction [8].
Using the stochastic cooling system of the Antiproton Accumulator, beams
of 6  1011 p with p=p = 2  10 4 are obtained. The resonances are scanned
by decelerating the  p beam from the accumulation energy of 8.9 GeV to the
desired energy.
The experiment collected 143pb 1 of data from Oct. 1996 to Sept. 1997
(RUN I) and 113pb 1 from Jan. 2000 to Nov. 2000 (RUN II).
3 Preliminary results
E835 collected data near the center-of-mass energy of the  0; J= ; c; 0
c; hc; 0;
1 and 2 resonances.
Preliminary results on 0 and c parameter measurements and results about
0
c search and partial width to  for the 2 resonance are presented here.0 parameters
We collected about 36 pb 1 in the 0 energy region, between 3300 and
3500 MeV, looking at the reaction  pp ! 0 ! J=   ! e+e . E835 made
the rst observation of this resonance in  pp annihilations. The preliminary
results for the mass and the total width are: M(0) = 3415:2  0:42 MeV/c2,
 (0) = 9:8  1:1 MeV. These values are dierent from the present Particle
Data Group (PDG) world averages, and improve signicantly the measurement
of these parameters. Fig. 2 shows the results on M(0) and  (0) and the
comparison with other measurements. The shaded area represents the world
average (PDG).
(a)
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Fig. 2: Comparison of experimental results on M(0) and  (0) .
c parameters
E835 collected about 18 pb 1 of data in the c region. Fig. 3 shows the
measured cross section for the reaction  pp !  in this energy region (lled
circles), compared with the level of background predicted by a Monte Carlocalculation (open squares). This level has been obtained by rst measuring
the  pp ! 0 and  pp ! 00 cross sections (the main background to the 
channel) [9] and then estimating how many events will pass the cuts applied
for the  selection .
Fig. 3: Measured cross section for the reaction  pp !  in the c energy region.
In order to optimize signal-to-background ratio, the nal events have been
selected in the angular region cos() < 0:25. The resonance parameters,
M(c),  (c) and the product of the branching ratios B(c !  pp)  B(c !
) have been calculated by tting the data with the maximum likelihood
method to a Breit-Wigner function plus a power law background of the form
back = A  (2990=Ecm)B. The t is represented by the solid line in Fig. 3.
The preliminary values for the mass, the total width and the product
of branching ratios are M(c) = 2985:4
+2:1
 2:0 MeV/c2,  (c) = 21:1
+7:5
 6:2 MeV,
BR(c !  pp)  BR(c ! ) = 21:8
+3:4
 3:3  10 8. If we use the PDG value for
BR(c !  pp) we obtain the partial width   = 3:8
+1:5
 1:2  1:2 KeV. In Fig. 4
the above results are compared with those obtained from other experiments.The shaded area and the dashed lines show the world average (from PDG) and
theoretical predictions, respectively.
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Fig. 4: Comparison of experimental results on M(c),  (c) and  (c):
0
c search
The 21S0 (0
c) state of charmonium was observed by the Crystal Ball ex-
periment [10] in 1982. They saw a structure in the inclusive photon spectrum
from  0 decays, corresponding to a mass of 3594  5 MeV/c2.
We have performed an extensive search of the 0
c state in the  and J=  
nal states. Fig. 5 shows the measured cross section for the process  pp ! 
in the center-of-mass energy region between 3500 and 3680 MeV (lled circles).
The open circles show the E760 measurements. The line represents a power lawt to the data excluding the region around the 2(3556 MeV). No evidence for
the 0
c resonance was found in the energy region between 3580 and 3660 MeV,
which allows us to set an upper limit BR(0
c ! )BR(0
c !  pp) < 5:910 8
(at 90% C.L.), in the hypothesis  (0
c) = 10 MeV [11].
Fig. 5: Measured cross section for the process  pp !  between 3500 and 3680 MeV.
2 partial width
The 0 and 2 resonances can decay into channels  and J= . If we
dene R the ratio between the two branching ratios:
R0;2 
B(0;2 ! )
B(0;2 ! J=  ! e+e )
=
( pp ! 0;2 ! )
( pp ! 0;2 ! J=  ! e+e )
we can then obtain  (0;2 ! ) by measuring R0;2 from our data and taking
the well measured B(0;2 ! J=  ! e+e ) and  2 from the PDG. For
the 0 total width we will use our previously discussed measurement, which
improves the PDG value. Data analysis for the 0 is in progress. The result
for the 2 is [12]:
 (2 ! ) = 0:27  0:05  0:03 keV
where the rst error include counting statistics and errors from eciencies, ac-
ceptance and backgrounds and the second is due to uncertainties on B(2 !
J=  ! e+e ) and on the total width. The comparison with other measure-
ments is shown in Fig. 6. The shaded area and the dashed lines show the
world average (from PDG) and theoretical predictions, respectively.Fig. 6: Comparison of  partial width measurements for 2 resonance.
s measurement
Perturbative QCD with rst order radiative corrections predicts [13] that in
the ratio between the two photon and the gluonic width of the same resonance
unknown factors involving mc and the wavefunctions cancel:
 (c ! )
 (c ! gg)
=
82 (1   3:4
 s)
92
s (1 + 4:8
 s)
;
 (2 ! )
 (2 ! gg)
=
82 (1   16
3s)
92
s (1   2:2
 s)
If we assume that
 gg(c)   TOT(c) and  gg(2)   TOT(2)    (2 ! J )
from our measurements of  (c ! ) and  (2 ! ) we obtain:
s(mc) = 0:33
+0:06
 0:03 (c) ; s(mc) = 0:38  0:02 (2)
The combined result is shown in Fig. 7, compared with the PDG compilation
of s measurements.
Data collected in the 0 energy region will allow us to calculate s(mc) also
from the ratio  (0 ! )/  (0 ! gg).Fig. 7: E835 estimate (solid circle) and PDG compilation (open circles) for s.
other measurements
In addition, E835 studied the hadronic reaction pp ! c !  ! 4K.
Due to the peculiar kinematics of this reaction, a clear signal has been seen,
even in the presence of the hadronic background. This is very promising for
the study of charmonium states through their hadronic decay channels, with
a dedicated apparatus.
E835 studied also the proton form factor in the time-like region [14], and
the angular distribution in the radiative decay of the 1 and 2 states. This
last measurement provides insight into the dynamics of the formation pro-
cess and the multipole structure of the radiative decay. Preliminary results
for the magnetic quadrupole fractional amplitude (a2 = M2/E1) are a2 =
0.0020.0320.004 for the 1 radiative decay and a2 =  0:093
+0:039
 0:041  0:006
for the 2 radiative decay. The ratio of these two quantities give rise to a 2.5 
discrepancy with respect to the expected theoretical value. This may suggest
the existence of additional contributions to the theoretical prediction of the
M2 amplitude.
4 Conclusions
The E835 collaboration is now completing the analysis of the data. The pa-
rameters of c resonance have been preliminary measured with errors smaller
than the ones reported by E760. A clean signal of the 0 resonance has been
seen with preliminary measurements of the mass and the total width whichsignicantly improve the present world average values. An extensive search
of the 0
c has been performed with no evidence for the resonance. The strong
coupling constant s has been measured from c and 2 data. Other analysis
are in progress, in particular to conrm the hc state observed by E760 [15] and
to measure the partial width to  for the 0 state.
After the completion of these analysis, the knowledge of charmonium spectrum
will be greatly improved, but still it will be far from completeness. A new gen-
eration of high statistics measurements is called for in order to complete this
study. In particular, the study of hadronic channels look promising.
This research has been supported in part by the italian INFN and by the
U.S. DOE and NSF.
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